1. Introduction {#sec1}
===============

The establishment of organized patterns of corticocortical connections in sensory systems depends on mechanisms regulating many temporal and spatial aspects of pathway development, including the timing of axon arrival and invasion of gray matter, arborization of axon terminals and dendrites, radial and tangential distribution of neuronal elements, and topographical organization of intrinsic and extrinsic projections. In the visual system, the role that the eyes have on the development of central visual pathways has been studied in anophthalmic animals as well as through various experimental manipulations of visual input, including the removal of retinal afferents through enucleation, dark rearing and visual deprivation following eyelid suture. These previous studies show that that abnormal visual input induces anomalies in both interhemispheric (e.g., reviewed in \[[@B1]--[@B4]\]) and intrahemispheric (see references in \[[@B5]\]) pathways. However, these studies also show that visual corticocortical pathways nevertheless develop under the influence of abnormal visual input or in the absence of retinal input, and that, although highly anomalous, they often resemble their normal counterparts in a number of ways. Together, these observations indicate that development of corticocortical circuits depends on the timely interaction between central and peripheral mechanisms. Compared with other approaches for manipulating visual input, enucleation has the advantage that it can be performed long before the eyes open, which facilitates the study of the role of retinal input before the onset of visual experience. In many studies of the effect of enucleation on the development of corticocortical projections, the interhemispheric connection through the corpus callosum has often been the system of choice because the overall distribution of callosal connections in one hemisphere can be readily revealed following multiple injections of anatomical tracers into the opposite hemisphere. Moreover, the distribution of callosal cells and axonal terminations form distinct patterns that extend over broad cortical regions and are consistent among individuals of the same species.

At what developmental stage is input from the retina critically needed for normal development of corticocortical connections? And, does this critical period correlate with the same stage of brain development in different species? Here we address these questions focusing on the influences the eyes exert on the development of interhemispheric callosal connections in visual cortex and on the size of visual areas. Additionally, we review some recent work in which diffusion tensor imaging (DTI) has been used to directly characterize neuron morphology in developing cerebral cortical gray matter. This approach has potential for predicting the critical period for the effect of retinal deafferentation on the patterns of visual callosal connections in different species, including humans, and for detecting and monitoring abnormal morphological development of the cerebral cortex.

2. Retinal Input Is Required during a Brief Neonatal Critical Period in Rodents {#sec2}
===============================================================================

Studies in anophthalmic rats and mice \[[@B6]--[@B8]\] have shown that the mature distributions of both intrahemispheric striate-extrastriate and interhemispheric visual callosal connections are abnormal in these animals, indicating that the eyes play an important role in the specification of corticocortical pathways. To examine in more detail the role that the eyes have in the development of visual callosal pathways, Olavarria et al. \[[@B9]\] analyzed the effect of binocular or monocular enucleation performed at postnatal day 0 (P0, within 24 h of birth) on the overall callosal pattern. The effects of binocular (BEP0) and monocular (MEP0) enucleation at birth in the rat are illustrated in [Figure 1](#fig1){ref-type="fig"}. In these experiments, the overall callosal patterns in one hemisphere were demonstrated following multiple intracortical injections of the anatomical tracer horseradish peroxidase (HRP) in the other hemisphere. This tracer is transported both anterogradely and retrogradely. Areas containing dense accumulations of callosal cells and axon terminations appear black, and the segmented lines indicate the border of area 17 (striate cortex, primary visual cortex, V1). [Figure 1(A)](#fig1){ref-type="fig"} illustrates that in normal rats, callosal cells and terminations form homogeneously labeled bands at the 17/18a border and at the lateral border of area 18a. In addition, several narrow bands of callosal connections bridge the width of area 18a at several rostrocaudal levels. [Figure 1(B)](#fig1){ref-type="fig"} shows that binocular enucleation at birth increases the relative width of the callosal band at the 17/18a border and causes the appearance of discrete regions of reduced labeling within the 17/18a callosal band (white arrows in [Figure 1(B)](#fig1){ref-type="fig"}) and several densely labeled tongue-like regions that extend medially from this band well into area 17 (black arrow in [Figure 1(B)](#fig1){ref-type="fig"}). Moreover, these anomalous features are highly variable across animals \[[@B9]\]. In rats monocularly enucleated at birth, the most prominent anomaly develops in the hemisphere ipsilateral to the remaining eye, where an abnormal, dense band of callosal connections runs rostrocaudally through the center of area 17 (arrow in [Figure 1(C)](#fig1){ref-type="fig"}). Periodic fluctuations in the density of labeling along the length of this extra band give it a beaded appearance. The results from experiments using HRP, showing that enucleation induces abnormalities in both the distribution of cell bodies as well as axon terminations, are in agreement with experiments using tracers that are primarily transported either anterogradely or retrogradely \[[@B5], [@B41]\]. Possible mechanisms leading to distinctly different anomalies of the callosal pattern in binocularly versus monocularly enucleated rodents have been discussed previously \[[@B9], [@B22]\].

To establish the age at which eye removal ceases to alter the normal course of callosal development, Olavarria et al. \[[@B9]\] delayed the onset of blindness. These experiments showed that development of normal visual callosal patterns requires retinal input during a brief time window extending from postnatal day 4 (P4) to P6 \[[@B5], [@B9]\]. Indeed, even though the callosal pathway is very immature at P6 \[[@B10]\], removal of the eyes at this age or later does not prevent the development of normal callosal patterns. In contrast, removal of the eyes at P4 or earlier results in patterns that are strikingly abnormal in both their overall distributions \[[@B9]\], as well as in the topographic arrangement of point-to-point callosal linkages \[[@B5]\]. Moreover, virtually the same abnormalities observed in animals enucleated at P4 are also present in animals enucleated at birth, or even in anophthalmic rats \[[@B7]\]. The fact that enucleations at P4 produce results equivalent to enucleations prior to P4 indicates that the eyes do not exert a significant influence on the development of corticocortical connections prior to P4. Therefore, the critical period during which retinal input specifies the overall distribution and point-to-point topography of visual callosal connections occurs in the range from P4 to P6 in rats. A critical period extending from P4 to P6 has also been described for the visual callosal connections in the mouse \[[@B5]\], and a recent study in the rat showed that intrahemispheric striate-extrastriate projections also become immune to the effect of enucleation by P6 \[[@B11]\]. The mechanisms by which retinal input specifies the patterns of corticocortical connections during this critical period are not known at present, but they may involve activity-dependent, as well as chemical cues \[[@B5], [@B9], [@B11]\].

The term critical period used here refers to a well-defined developmental stage during which the presence of a specific factor (in this case the retinae) is critically required (hence critical period) for development to proceed normally \[[@B12]\]. These critical periods typically occur at early stages of development and have been described in various systems at different levels of the neuroaxis (see, e.g., \[[@B13]\]). It is important to note that these critical periods differ from periods occurring later in life, during which functional and anatomical changes reflect changes in sensory experience that do not necessarily require end organ damage \[[@B12]\]. For example, in rat visual cortex, vision deprivation experiments have demonstrated a period of ocular dominance plasticity that extends approximately from P18 to well into the second month of life \[[@B14]\]. Unfortunately, as pointed out by Erzurumlu and Killackey \[[@B12]\], the term critical period (as well as the term sensitive period) has been used to refer to multiple temporally and mechanistically distinct phases of development (see, e.g., \[[@B15]\]).

3. Need for Information about the Critical Period in Other Species {#sec3}
==================================================================

The previous studies in rodents described above show that lack of retinal input during a brief critical period induces permanent alterations in the overall distribution and topography of visual intra- and interhemispheric corticocortical pathways. Thus, the period identified by delaying enucleation represents a unique developmental stage during which retinal input is critically needed for specifying the normal layout and topography of corticocortical connections. Mapping out this critical period is therefore important for identifying the retinally driven mechanisms that operate at this developmental stage, and for investigating how they lay down the blueprints for normal maps of corticocortical connectivity. However, while early enucleation has been shown to affect the development of corticocortical connections in several other species, including monkeys \[[@B16], [@B17]\], cats \[[@B19], [@B18]\], hamsters \[[@B22], [@B20], [@B21]\], and opossum \[[@B23]\], there is little or no information about the beginning and end of the critical period in these or other species. This may be in part because in many species, the critical period for the effect of retinal input on the distribution and topography of corticocortical connections likely ends during gestation, making the experimental mapping of the critical period difficult.

Due to the lack of comparative data about the timing of the critical period, a question that remains unanswered is whether the critical period correlates with the same stage of central visual development in different species. This question is important because the finding that the critical period correlates with a specific developmental stage across species would suggest that the eyes guide the development of corticocortical connections through a similar mechanism in all species. Moreover, this finding would facilitate predicting the critical period in species in which this period occurs prenatally, as is likely the case in humans, as well as interpreting previous observations in other species that seem to deviate from expected outcomes. For instance, the effects of bilateral enucleation at birth on callosal connections are significantly less severe in cats \[[@B19], [@B18], [@B24]\] than in rats \[[@B9], [@B25]\] and ferrets \[[@B26]\]. Since cats are born at more advanced stages of development compared to rodents and ferrets, these observations raise that possibility that the critical period during which retinal influences specify the pattern of callosal connections ends prenatally in the cat \[[@B26]\].

4. Effects of Neonatal Retinal Deafferentation on the Callosal Pattern in the Ferret, and Comparison with the Effects in the Cat {#sec4}
================================================================================================================================

To address the lack of information about the critical period in carnivores, we studied the effect of neonatal enucleation on the callosal pattern in the ferret \[[@B26]\] taking advantage of the fact that these animals are born at relatively early stages of central nervous system (CNS) development \[[@B27]\]. We characterized the abnormalities induced by neonatal enucleation on the distribution and number of callosal cells in striate and extrastriate cortex and explored the period during which the presence of the eyes is required for the normal development of the visual callosal pattern in this species. The callosal patterns in normal adult ferrets were compared to those in adult ferrets that had been enucleated at P7 or P20, ages that approximately correspond to a period spanning from P2.2 to P8 in the rat \[[@B28], [@B29]\]. Following multiple intracortical injections of horseradish peroxidase (HRP) into one hemisphere, patterns of callosal connections were studied in tangential sections cut through striate and extrastriate cortex of the unfolded and flattened contralateral hemisphere \[[@B26]\]. The locations of visual areas described in previous physiological studies were estimated from the relation of these areas to gyral and sulcal landmarks \[[@B30], [@B31]\]. In [Figure 2(a)](#fig2){ref-type="fig"}, the location of visual areas, as well as somatosensory and auditory areas, are indicated in the intact ferret brain, while in [Figure 2(b)](#fig2){ref-type="fig"}, the borders of visual (fine dotted lines) areas have been drawn across gyri (in gray) and sulci (in white) on the unfolded and flattened cortical mantle. Corresponding information for the cat is shown on Figures [2(c)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"} for comparison \[[@B19]\].

The overall callosal pattern in normal ferrets ([Figure 3(a)](#fig3){ref-type="fig"}) bears some resemblance to that reconstructed in cats from tangential sections cut through the unfolded and flattened cortex ([Figure 3(d)](#fig3){ref-type="fig"}) \[[@B19]\], particularly in those callosal features associated with visual areas identified as areas 17,18, 19, and 20 in both species \[[@B31]--[@B33]\]. In ferrets ([Figure 3(a)](#fig3){ref-type="fig"}; see also \[[@B30]\]), as in cats ([Figure 3(d)](#fig3){ref-type="fig"}), two parallel bands of callosal connections can be identified, one straddling the border between areas 17 and 18, and the other located at the lateral border of area 19. These bands and a series of bridge-like bands or patches extending between them at different anteroposterior locations separate several acallosal areas (marked with black stars in Figures [3(a)](#fig3){ref-type="fig"}, and [3(d)](#fig3){ref-type="fig"}). The callosal bands correspond with representations of central visual fields in both species \[[@B31], [@B34]\], while the acallosal islands correspond to areas representing peripheral visual fields in areas 18 and 19 in both cats \[[@B35]\] and ferrets \[[@B31]\]. The callosal-free zone we observed on the suprasylvian gyrus in all control ferrets (marked with black asterisks in [Figure 3(a)](#fig3){ref-type="fig"}) may be homologous with an area devoid of callosal connections on the suprasylvian gyrus of normal cats \[[@B19]\]. In the ferret, this area seems to be shared by several visual areas mapped recently, including middle portions of areas 21, and lateral portions of areas PPc and PPr \[[@B36]\]. Further laterally, in the suprasylvian sulcus, several patches of callosal labeling are observed in both normal ferrets and cats, which appear to correspond to areas of central visual field representation within the lateral suprasylvian visual areas of the cat \[[@B37]\], and within visual area SSY of the ferret \[[@B38], [@B39]\].

5. Enucleation at P7, but Not at P20, Induces Highly Anomalous Patterns of Callosal Connections in Ferrets {#sec5}
==========================================================================================================

Enucleation at P7 induces marked anomalies in the distribution of callosal connections in the ferret \[[@B26]\]. In area 17, the distribution of labeled callosal cells is relatively sparse as in control ferrets ([Figure 3(b)](#fig3){ref-type="fig"}). However, observations at higher magnification show that, unlike in control ferrets, callosal neurons are not restricted to regions near the anterior border of area 17, but are also observed in broader regions of this area. It is possible that the more widespread distribution of callosal cells in area 17 of BEP7 ferrets derives from an exuberant distribution present at early stages of normal development, as reported in other species (e.g., \[[@B9]\]). Testing this possibility will require performing tracer injection experiments in area 17 of immature ferrets. In extrastriate cortex, the callosal pattern in BEP7 ferrets consists of patches of labeled cells and axon terminations that are smaller and more numerous than in controls, and they often occupy regions that are relatively free of callosal labeling in control animals (cf. Figures [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}). Several features that are readily seen in all control ferrets are therefore either absent or difficult to recognize in BEP7 ferrets, including the string of callosal patches located in area 18 close to the area 17 border (indicated by arrows in [Figure 3(a)](#fig3){ref-type="fig"}), as well as the acallosal areas that are consistently present in areas 18 and 19 of control ferrets (marked with black stars in [Figure 3(a)](#fig3){ref-type="fig"}). However, other features of the callosal pattern in control ferrets are recognizable in BEP7 ferrets, such as the acallosal area on the suprasylvian gyrus (marked with black asterisks in Figures [3(a)](#fig3){ref-type="fig"}, and [3(b)](#fig3){ref-type="fig"}), although this acallosal area appears somewhat smaller in BEP7 ferrets. Based on previous physiological subdivisions of ferret visual cortex \[[@B31], [@B40]\], these data indicate that regions showing abnormal patterns of callosal connectivity encompassed many visual areas, including areas 18, 19, and 21.

In sharp contrast to observations in BEP7 ferrets, by P20 the development of callosal connections is no longer susceptible to disruption of visual input by binocular enucleation. Indeed, the callosal patterns in ferrets enucleated at P20 are virtually indistinguishable from those in control ferrets (cf. Figures [3(a)](#fig3){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). These results indicate that the development of the overall pattern of callosal connections depends critically on retinal influences within the time range extending from P7 to P20. Supporting the impression that callosal connections in BEP7 ferrets tend to fill in spaces that are callosal free in controls, the percentage of extrastriate visual cortex occupied by callosal connections is significantly increased in BEP7 ferrets compared with controls. In contrast, no significant differences in this percentage are observed in BEP20 ferrets compared with controls, supporting the observation that the callosal pattern in BEP20 ferrets ([Figure 3(c)](#fig3){ref-type="fig"}) closely resembles that in controls ([Figure 3(a)](#fig3){ref-type="fig"}). Moreover, within the extrastriate visual region analyzed, the average number of cells per histological section is not significantly different among control, BEP7, and BEP20 ferrets \[[@B26]\].

Interestingly, in cats, the effects of enucleation at birth (BEP0, [Figure 3(e)](#fig3){ref-type="fig"}) resemble those observed in BEP20 ferrets in that enucleation fails to induce significant changes in the overall pattern of callosal connections in both striate and extrastriate cortices (cf. Figures [3(d)](#fig3){ref-type="fig"} and [3(e)](#fig3){ref-type="fig"}, \[[@B19]\]). These results suggest that the critical period for the effect of enucleation on callosal connections ends before birth in the cat (see below). However, unlike BEP20 in ferrets, BE0 in cats induces a significant reduction in the number of callosal cells in striate end extrastriate visual cortex \[[@B19], [@B24]\], suggesting, as discussed below, that visual deprivation following enucleation has different effects in these two species.

6. Is the Critical Period for the Specification of Callosal Connections Prenatal in the Cat? {#sec6}
============================================================================================

The effects of enucleation at P7 on the callosal pattern in ferrets ([Figure 3(b)](#fig3){ref-type="fig"}; \[[@B26]\]) and prior to P4 in rats \[[@B9], [@B25]\] appear much more severe than those observed in adult cats bilaterally enucleated at birth \[[@B19], [@B18], [@B24]\]. For instance, enucleation at P0 in cats primarily reduces the number of callosal cells without significantly changing the overall callosal pattern at the 17/18 border and extrastriate cortex (cf. Figures [3(d)](#fig3){ref-type="fig"} and [3(e)](#fig3){ref-type="fig"}), although the reduction in the number of callosal neurons is less dramatic in extrastriate cortex than at the 17/18 callosal zone \[[@B19], [@B24]\]. The differences between BEP0 cats and BEP7 ferrets are particularly dramatic in extrastriate cortex. While in BEP7 ferrets callosal connections fill in most regions that are free of connections in normal animals (cf. Figures [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}), features of the normal pattern in extrastriate cortex are readily recognized in BEP0 cats (cf. Figures [3(d)](#fig3){ref-type="fig"} and [3(e)](#fig3){ref-type="fig"}). It is possible that bilateral enucleation has a smaller effect in cats because the critical period may have ended by the time of birth. Support for this idea comes from the fact that, at birth, development of corticocortical connections in the cat resembles the developmental stages observed in rats and ferrets by the end of the critical period. For example, by P6 in rats \[[@B41], [@B42]\] and P20 in ferrets \[[@B43]\], corticocortical axons of simple morphology have begun invading upper layers of the cortex just as supragranular layers differentiate from the cortical plate \[[@B27], [@B44], [@B45]\]. At birth, cats are at an approximately similar developmental stage \[[@B46]--[@B48]\], suggesting that by P0 the critical period during which retinal influences specify the pattern of callosal connections has already ended in this species. A similar conclusion derives from using the Translating Time \[[@B28], [@B29]\] model to translate to the cat developmental stages from rats and ferrets. Thus, P6 in rats translates to 61.9 gestational days in cats (gestation in cats lasts 65 days), and P20 in ferrets translates to 66.8 gestational days, or 1.8 postnatal days, in cats. Additionally, Issa et al. (\[[@B49]\], see their Figure 7) equate P0 in the cat with P23 in the ferret, based on the near coincidence in the timing of several developmental milestones when age is expressed in terms of days post conception, rather than days following birth. Consistent with these conclusions, monocular enucleation at birth in the cat fails to induce obvious anomalies in the distribution of callosal connections in striate and extrastriate cortex in the hemisphere ipsilateral to the remaining eye (cf. Figures [3(d)](#fig3){ref-type="fig"} and [3(f)](#fig3){ref-type="fig"}) (Olavarria, unpublished results). This is in marked contrast with studies in rats \[[@B9]\] and hamsters \[[@B22]\], in which monocular enucleation prior to P4 causes the development of an extra, anomalous band of callosal connections in the middle regions of area 17 ipsilateral to the remaining eye ([Figure 1(c)](#fig1){ref-type="fig"}). It will be interesting to investigate whether prenatal enucleations in cats induce the development of callosal patterns as anomalous as those we observed in BEP7 ferrets. These considerations support the idea that the critical period correlates with the same stage of central visual development in different species. If correct, this relationship would indicate that it is possible to predict the critical period in species, such as humans, in which this period occurs prenatally, provided sufficient information about the developmental profile for such species is available. As discussed below, studies using noninvasive MRI techniques have revealed that brain development over a range that overlaps the critical period for the specification of normal callosal connections is characterized by consistent changes in water diffusion anisotropy in the cerebral cortex of a variety of species, including humans, which makes the prediction of developmental landmarks such as critical periods possible.

While the idea that the critical period in cats has ended by P0 explains why the layout of the callosal pattern was largely undisturbed in cats enucleated at P0, it does not explain why enucleation after the critical period for callosal pattern formation leads to a significant loss of callosal cells, especially at the 17/18 border. This loss in cell number is best explained as additional evidence that, in the cat, early visual experience is required to maintain the integrity of neuronal circuits and response properties that are attained during normal development independently from vision \[[@B50]--[@B53]\]. Surprisingly, in adult ferrets enucleated at P20 \[[@B26]\] and adult rats and mice enucleated at P6 \[[@B5], [@B9]\], the callosal pattern closely resembles that in normal adult animals in both number and distribution of callosal neurons, indicating that, unlike cats, visual experience is not required for the maintenance of a normal complement of callosal neurons in these species. Additional comparative studies will be required for understanding why different species depend on early visual experience to a different extent for the maintenance of normal complements of corticocortical neurons.

7. A Longer Critical Period for the Effect of Enucleation on the Size of Cortical Visual Areas {#sec7}
==============================================================================================

Several reports have provided evidence that early enucleation leads to a reduction in the surface area of striate cortex \[[@B9], [@B16], [@B17], [@B23], [@B54], [@B55]\]. Studies of the effect of fetal enucleation in macaques have concluded that the reduction in the size of striate cortex is accompanied by a partial respecification of the neighboring cortex into an additional, hybrid visual cortex, called area X \[[@B54], [@B55]\], so that the overall surface area of the neocortex remains unchanged \[[@B17]\]. Recently, Reillo et al. \[[@B56]\] showed in the ferret that bilateral enucleation at P1 induces a 35--40% reduction in the size of striate cortex. However, unlike earlier findings in enucleated macaques, these authors found that the surface area of the cerebral cortex was also reduced, which led them to propose that enucleation at P1 does not lead to the respecification of striate cortex or enlargement of neighboring areas. Bock et al. \[[@B26]\] measured the cortical surface area of striate and extrastriate cortex using MRI data obtained from a number of ferret brains that were also used for analyzing the callosal pattern in the same study. Enucleation at P7 was found to cause a significant reduction in the size of striate cortex relative to controls. Compared with the reduction reported by Reillo et al. \[[@B56]\] in BEP1 ferrets, the reduction in striate cortex was on average smaller in BEP7 ferrets (25.6%). Although enucleation at P20 does not induce obvious anomalies in the callosal pattern, it still produces a significant reduction of the size of striate cortex. However, the reduction in size was smaller (18.3%) than that observed in BEP7 ferrets, suggesting that the effect of enucleation is greater for earlier enucleations, as previously reported for the macaque monkey \[[@B17], [@B55]\]. Enucleation at P7 and P20 reduced the size of extrastriate cortex by about 15% on average. This effect is smaller than that observed in striate cortex, perhaps because the effect of enucleation may be primarily restricted to only parts of the total area we measured in extrastriate cortex, a possibility that is worth exploring in future studies. In agreement with Reillo et al. \[[@B56]\], these data from striate and extrastriate cortex suggest that the reduction in striate cortex does not result in the respecification of striate cortex or the enlargement of extrastriate areas as reported previously in the monkey \[[@B17], [@B54], [@B55]\]. Additional studies will be required to explain why visual cortex of macaques and ferrets respond differently to early binocular enucleation. In agreement with findings in the ferret, Laing et al. \[[@B11]\] reported that, on average, the size of area 17 in BEP0, BEP4 and BEP6 rats was 61%, 71.4%, and 83.9% of the size of area 17 in controls rats, respectively. These results showed that the effect of bilateral enucleation on the size of striate cortex was greater for earlier enucleations, and that although smaller, the reduction in the size of area 17 was still significant by P6, when enucleation no longer induces anomalies in the callosal pattern. However, as discussed in more detail below, the size of area 18a in the rat was not significantly affected by enucleation at any age studied. Preliminary results from our laboratory suggest that the critical period for the effect of enucleation on the size of striate cortex in the rat ends by the end of the second postnatal week, at about the time of eye opening (A. Andelin and J. Olavarria, unpublished observations). In cats, unpublished measurements based on the anatomical data from three normal and three BEP0 cats presented by Olavarria and Van Sluyters \[[@B19]\] indicate that enucleation at birth causes a 39.8% reduction in the size of striate cortex (on average, a reduction from 339.46 mm^2^ to 204.36 mm^2^), and a 34.8% reduction in the size of extrastriate cortex (on average, a reduction from 510.75 mm^2^ to 332.70 mm^2^) as defined in this previous study (the region containing areas 18,19, 20, 21, and LS in [Figure 2(d)](#fig2){ref-type="fig"}). When one considers that the critical period for the effect of enucleation on callosal connections in the cat appears to end prenatally (see discussion above), the effects of bilateral enucleation at P0 on the size of visual areas in cats seem disproportionally large compared with the average reduction in the size of area 17 caused by enucleations performed at P6 in rats (16.1%) and P20 in ferrets (18.3%). This intriguing observation adds to the finding described above that enucleation at birth in cats produces a significant reduction in the number of callosal cells without altering the overall pattern of callosal connections \[[@B19], [@B24]\]. These observations suggest that in cats, stabilization of normal numbers of callosal neurons as well as the size of visual areas may depend on visual experience after eye opening to a greater extent than in rats and ferrets.

The findings in ferret and rat that enucleation still reduces the size of visual areas even if performed when it no longer affects the development of callosal patterns suggests that retinal influences continue to regulate the size of visual cortex after the patterns of visual corticocortical connections have become specified. These results further suggest that retinal influences regulate several aspects of cortical development through mechanisms that do not necessarily operate during the same time window. Moreover, they indicate that the pattern of visual corticocortical connections can develop without obvious abnormalities even if striate cortex does not reach its normal size. It is interesting to note that the finding that area 17, but not area 18a, is reduced in enucleated rats \[[@B11]\] contrasts with the observation that enucleation reduces the size of both striate and extrastriate cortex in ferrets and cats. Projections from the dLGN have been implicated in the regulation of the size of visual areas (see \[[@B26]\], for references relevant to this issue). In this context, these differences are probably related to the fact that projections from the dLGN are largely restricted to area 17 in the rat \[[@B57]--[@B59]\], while in the ferret and cat, in addition to area 17, direct retinogeniculate projections innervate area 18 and possibly other extrastriate visual areas \[[@B30], [@B60]--[@B64]\]. Previous studies in the monkey have shown that early enucleation reduces both the size of the dLGN as well as the number of fibers ascending from this nucleus \[[@B17], [@B54]\]. Subsequent studies have linked the effect of enucleation on the size of striate cortex to the modulatory influences that thalamic afferents, by means of diffusible factors, exert over early stages of corticogenesis at the level of the ventricular zone \[[@B65]\]. Reillo et al. \[[@B56]\] illustrated that enucleation at P1 induces a noticeable reduction in the size of the dLGN in the ferret, raising the possibility that the reduction in the size of visual cortex observed in BEP20 ferrets and BEP6 rats reflects a protracted effect of enucleation on the size of the dLGN. Further studies are needed to determine the effects of enucleation at different ages on the sizes of both the dLGN and striate cortex, and to compare these effects to corresponding data from monkeys \[[@B17]\].

While enucleation at P7 in ferrets reduces the size of extrastriate cortex and induces the development of abnormal patterns of callosal connections, it does not cause significant changes in the number of labeled callosal cells in this cortical region compared to control ferrets. Since this cortical region is smaller in BEP7 ferrets, this observation is consistent with the finding that the percentage of extrastriate visual cortex occupied by callosal connections is significantly larger in BEP7 than in control ferrets \[[@B26]\]. It will be of interest to perform stereological studies to investigate whether this result applies only to callosal cells, or whether the total number of neurons is preserved in extrastriate cortex of early enucleates, as it appears to be the case in striate cortex of BEP1 ferrets \[[@B56]\]. It is tempting to speculate that the marked changes observed in the callosal pattern of BEP7 ferrets may be due, at least in part, to rearrangements imposed by the need to accommodate approximately the same number of callosal neurons in a significantly smaller cortical area. Along this line of thought and in light of the differential effect of bilateral enucleation on the sizes of areas 17 and 18a in the rat \[[@B11]\], it is interesting to note that abnormalities in the callosal pattern are generally more severe in area 17 than in area 18a in this rodent (cf. Figures [1(A)](#fig1){ref-type="fig"} and [1(B)](#fig1){ref-type="fig"}) \[[@B9]\].

8. Predicting Critical Periods Using Diffusion Tensor Imaging {#sec8}
=============================================================

Studies in ferrets \[[@B26]\], rats, and mice \[[@B5]\] indicate that retinal influences are necessary for the development of normal callosal patterns during a brief, well defined critical period early in development. Moreover, comparison of these results with developmental data available in these species suggests that the critical period correlates with similar stages of central visual development across species (see below). However, at present it is difficult to accurately predict the critical period in many species with prolonged gestation, such as monkeys and humans, because detailed information about prenatal brain development obtained with standard anatomical techniques is lacking in these species. In what follows we explore the possibility of predicting the critical period for a certain species by comparing information about its brain development obtained with non-invasive magnetic resonance imaging (MRI) techniques with corresponding MRI data from another species with a known critical period.

Diffusion tensor imaging (DTI), a recently developed magnetic resonance imaging (MRI) technique, measures parameters of water diffusion anisotropy that depend on the shape and orientation of cellular elements, such as somas, axons, and dendrites \[[@B66]\]. For instance, water diffusion is less restricted along the length of axons and dendrites than in an orthogonal direction because of the impediment imposed by cell membranes \[[@B67]\]. Due to these properties, DTI shows great potential as a non-invasive technique for studying the development of cellular architecture and connectivity under normal as well as pathological conditions. Moreover, because DTI measurements are influenced by developmental changes in all cellular, axonal, and neuropil (axons, dendrites, and associated extracellular space) components in brain tissue, this technique can provide a picture of the developmental trajectory of the brain that is more comprehensively representative, albeit less specific, than information obtained with histological methods traditionally used for studying CNS development at the systems level. Information on developmental changes in DTI measurements is currently available for many species including rats, ferrets, and humans (see below), making it possible to predict the critical period for a certain species based on the association between the critical period and developmental DTI measurements determined in another species.

The DTI technique is most frequently used to study properties of white matter \[[@B66]\]. In the developing cerebral cortex, water diffusion is influenced by cellular structures that are different from those that influence water diffusion in white matter. In developing white matter, water diffusion anisotropy increases with maturation of axon tracts, in association with several neural developmental events including the formation of mature myelin \[[@B66], [@B70]--[@B114]\]. However, in the developing cerebral cortex, it is the reduction in water diffusion anisotropy that is related to morphological differentiation. At stages prior to the onset of myelin formation, immediately after pyramidal neurons of the isocortex migrate from germinal zones to the cortical plate, the neuropil consisting primarily of neuronal and glial processes and the associated extracellular space begins to differentiate \[[@B68]\]. Dendrites and axons start to develop as simple elongated structures, oriented perpendicular to the pial surface, an arrangement that induces anisotropy in water diffusion because it selectively restricts water diffusion in directions parallel to the pial surface \[[@B69], [@B70]\]. As dendrites and axons arborize to form interconnected, functional neural circuits \[[@B71]\], diffusion within cortex becomes increasingly restricted in all directions, causing anisotropy of water diffusion to become progressively smaller, although still measurable, in the mature brain \[[@B72]\]. A commonly used parameter to quantify diffusion anisotropy is fractional anisotropy (FA, \[[@B73]\]) which ranges from 0 (isotropic diffusion) to 1 (extremely anisotropic diffusion). The idea that the reduction in FA associated with cortical development arises from morphological differentiation of the neuropil \[[@B69]\] is supported by the fact that the age-related decreases in cerebral cortical FA coincide with developmental changes in neuropil morphology \[[@B74], [@B75]\]. In order to quantify cortical FA changes in absolute terms of CNS development, it has been proposed that FA decreases exponentially from a maximal value (FA~max⁡~) to the minimal value (FA~min⁡~) observed at maturity \[[@B74]\]. In a simplified form of the expression proposed in \[[@B74]\], appropriate for assessing average FA throughout the isocortex, and in which the terms reflecting regional patterns in cortical FA have been ignored \[[@B76]\], FA can be considered to depend on age

$$\begin{matrix}
{\text{FA}\left( \text{age} \right) = \begin{cases}
{\text{FA}_{\max},} & {\text{if}{\,\,}\text{age} < t_{\text{init}},} \\
{\left( {\text{FA}_{\max} - \text{FA}_{\min}} \right){{\exp}\left( {- \frac{\text{age}}{\tau}} \right)} + \text{FA}_{\min},} & {\text{if}{\,\,}\text{age} \geq {\,\,}t_{\text{init}},} \\
\end{cases}} \\
\end{matrix}$$

as illustrated in [Figure 4](#fig4){ref-type="fig"}. In this expression, the two parameters *t* ~init~ and *τ* relate FA to the trajectory of cortical development. The parameter *t* ~init~ reflects the time in which pyramidal neurons have completed neurogenesis and migration to the cortical plate. The exponential decay time constant, *τ*, reflects the rate of morphological development of the neuropil. Importantly, for many species including humans, cortical FA changes take place prenatally. Therefore, to facilitate interspecies comparisons, the ages represented in [Figure 4](#fig4){ref-type="fig"} are expressed as days post conception even when they fall after birth.

The progressive loss of cortical diffusion anisotropy with age has been quantified for rat \[[@B77], [@B78], [@B79]\], mouse \[[@B80], [@B81]\], ferret \[[@B74], [@B82]\], baboon \[[@B75]\], and human \[[@B69], [@B83]--[@B85]\]. To assess the consistency of developmental stage dependent FA changes between species, Leigland and Kroenke \[[@B76]\] analyzed published cortical FA data using the above expression, in which the value of *t* ~init~ for each species corresponds to the time period immediately following the genesis and subsequent migration of pyramidal neurons from ventricular/subventricular zones to the cortical plate \[[@B74]\]. These authors found a high degree of correlation between *τ* and rates of neuroanatomical development quantified through large-scale comparative meta analyses of CNS development (see below) \[[@B29]--[@B87]\].

9. The Critical Period for the Effect of Enucleation on Callosal Connections Coincides with Similar Stages of Cortical FA Decay in Rodents and Ferrets {#sec9}
======================================================================================================================================================

When the critical periods in rodents and ferrets are correlated with the developmental trajectories revealed by cortical FA, it becomes apparent that the critical period occurs over a remarkably similar developmental time span. In [Figure 4](#fig4){ref-type="fig"}, the top graph illustrating how cerebral cortical FA decays with development represents available data from rat, ferret, and human. In order to fit the same curve, the data from each of these groups were transformed by shifting each curve so that the *t* ~init~ values coincided and by scaling each species\' age by a factor proportional to 1/*τ*. Analysis of the data presented by Huang et al. \[[@B77]\] in the rat yields values of 22 days and 5 days, respectively, for *t* ~init~ and *τ* (in which *t* ~init~ is expressed as days post conception (PC); *t* ~init~ is postnatal day 0.5 for the rat). Thus, for the rat, the critical period for interhemispheric connectivity specification corresponds to times in which cortical FA ranges from 0.50 (on day P4; PC 25.5) to 0.33 (on day P6; PC 27.5) of the difference between FA~max⁡~ and FA~min⁡~ (area shaded dark gray in [Figure 4](#fig4){ref-type="fig"}). By comparison, the P7--P20 (PC48--PC61) age range investigated in enucleated ferrets (light gray area in [Figure 4](#fig4){ref-type="fig"}) begins just prior to *t* ~init~ and extends until FA is 0.33 of the difference between FA~max⁡~ and FA~min⁡~. The values used for ferret *t* ~init~ and *τ* were 49 days post conception (which corresponds to P8) and 10.7 days, respectively \[[@B74]\]. It should be noted that the critical period has been determined with greater precision in rodent species than in ferrets. It is therefore likely that future studies will reveal that the ferret critical period extends through a shorter time range. For instance, based on the relationship between the critical period and FA curve in the rat, we predict that the critical period for the ferret would extend approximately from P15 to P20 (PC56 to PC61, between the gray lines in [Figure 4](#fig4){ref-type="fig"}). For humans, the FA curve is based on data from McKinstry et al., 2002 \[[@B69]\], in which *t* ~init~ is 173 days post conception and *τ* is 39.8 days. Assuming that the critical period in humans relates to the FA decay curve as in rats, we predict that the critical period for cortical connectivity in humans extends from about 201 days (28.7 weeks) to 217 days (31 weeks) of gestation (between the gray lines in [Figure 4](#fig4){ref-type="fig"}).

An alternative procedure for correlating developmental events across animal species was developed by Finlay and coworkers \[[@B28]--[@B87]\]. Using published data identifying the timing of specific developmental events obtained by standard anatomical methods from many species, these authors derived a time model, called Translating Time (<http://translatingtime.org/public/translate>). This model is based on three factors (a species score, an event score, and an interaction term). The species score reflects the rate of development of a particular species. The event score reflects the timing of specific neural developmental events. The interaction term reflects a slower rate of cerebral cortical development in primates, relative to other structures in the CNS. In addition to predicting the ages of many species at specific neurodevelopmental events, this model can also be used to translate the age of one species to that of another. An in-depth comparison of interspecies DTI studies to results obtained using the translating time model is given in \[[@B76]\]. Using this model the critical period determined in the rat and mouse (P4--P6; PC25.5--PC27.5) translates to a period extending from about 138 days (19.7 weeks) to 150 days (21.4 weeks) of gestation in humans. As illustrated in [Figure 4](#fig4){ref-type="fig"}, the critical period for humans predicted this way (blue bar) is significantly earlier than the one predicted using the relationship between the critical period and FA decay curve established with data from the rat (between the gray lines in [Figure 4](#fig4){ref-type="fig"}). In contrast, predictions for the ferret critical period based on either cortical FA data (between gray lines) or the translating time model (from P11 to P15.5, corresponding to PC52 to PC56.5, blue bar in [Figure 4](#fig4){ref-type="fig"}) are relatively close to one another. It should be noted that the ranges for both predictions for the ferret lie within the P7--P20 (PC48--PC61) range examined experimentally in this species \[[@B26]\], and that further studies will be required to test these predictions in this species.

Our prediction of the critical period in humans based on the FA decay curve is consistent with available developmental data. In rodents and ferrets, fibers from the thalamus penetrate layer 4 of the cerebral cortex before the onset of the critical period. In rodents, thalamic fibers project to layer IV in visual cortex as early as P3 \[[@B88]\], while in the ferret fibers of thalamic origin can be observed in cortical layer IV by the end of the first postnatal week \[[@B89]\]. By P6 in rats \[[@B41], [@B42]\] and P20 in ferrets \[[@B43]\], corticocortical axons of simple morphology begin invading upper cortical layers just as supragranular layers differentiate from the cortical plate \[[@B27], [@B44], [@B45]\]. These data suggest that the end of the critical period in rodents and ferrets correlates with the arrival of axon terminals into supragranular layers and the beginning of arbor branching, which may contribute to the decrease of cortical FA.

In humans, Burkhalter et al. \[[@B90]\] described the development of cortical architecture and local connections within visual cortex in postmortem brains using the anatomical tracer carbocyanine dye DiI and bisbenzimide counterstaining of tissue sections. Following DiI injections into the thalamic radiation below primary visual cortex of a 26-week-old human fetus (182 gestation days), these authors observed that presumed thalamocortical afferents had entered all layers of the cortical plate forming a well-defined bundle of fibers oriented perpendicular to the pia. Moreover, in histological sections through visual cortex of a 29-week-old human fetus (203 gestation days) they showed that layers 2/3 were clearly differentiated from layers 4 and lower layers, a pattern they described as "emerging cortical layers". These data are consistent with our prediction based on FA cortical changes that the critical period in humans takes place between 201 and 217 days of gestation ([Figure 4](#fig4){ref-type="fig"}). If accurate, our estimate of the critical period in humans will be valuable for differentiating between visual deficiencies secondary to early prenatal damage of the visual pathway from those due to pathologies of postnatal onset.

10. Using Diffusion Tensor Imaging to Detect and Monitor Cortical Abnormalities Induced by Bilateral Neonatal Enucleation in the Ferret {#sec10}
=======================================================================================================================================

Certain neurodevelopmental disorders are thought to be associated with abnormalities in morphological differentiation of the cerebral cortical neuropil \[[@B91]\]. Therefore, in addition to using cortical FA to characterize the tempo of CNS development, it is of interest to investigate the possibility of also using FA measurements to develop strategies for detecting and monitoring the deleterious effects of pathological insults on cortical development, as well as for assessing the efficacy of therapeutic interventions initiated at early stages of development while the brain is still plastic. Previous studies have associated blindness with abnormalities of the cerebral cortical neuropil. For instance, Golgi studies of animals that have been dark-reared \[[@B92], [@B93]\], stripe-reared \[[@B94]\], or binocularly-enucleated \[[@B95], [@B96]\] have documented effects on several aspects of dendritic development in the cerebral cortex, including abnormalities in dendritic fields of pyramidal cells, and reductions in the number of dendritic spines. At the cellular level, enucleation increases the length of callosal axon branches and total length of arbors, without major effects on the number of branch tips \[[@B97]\], and reduces the proportion of multiple synaptic boutons in the visual callosal projection \[[@B98]\]. In view of the massive effects that neonatal enucleation in the ferret has on visual callosal connections, Bock et al. \[[@B99]\] decided to use this animal model to explore the potential of DTI techniques for detecting abnormal cortical development induced by enucleation. These authors compared cortical FA between control and BEP7 ferrets using values measured at P31, when neuronal morphological differentiation is still underway.

Due to the widespread distribution of callosal connections in the brain, the overall cortical area affected by enucleation can be readily estimated by determining which regions contain abnormal callosal patterns. In turn, this greatly facilitates the identification of areas to be analyzed with DTI methods ([Figure 5(a)](#fig5){ref-type="fig"}). Data from one BEP7 animal and one control are illustrated in [Figure 5(a)](#fig5){ref-type="fig"}, in which cortical FA has been projected onto lateral views of ferret cerebral cortical surface models. This figure illustrates that the BEP7 surface exhibits greater FA (brighter yellow) than the control in visual areas (encircled by black dots) at P31, while no differences in FA are apparent in a control, non-visual area located more rostrally (encircled by blue-green dots). Figures [5(b)](#fig5){ref-type="fig"} and [5(c)](#fig5){ref-type="fig"} compare histograms from two BEP7 and two control ferrets, and illustrate that differences in cortical FA are observed in visual areas ([Figure 5(b)](#fig5){ref-type="fig"}), but not in the non-visual control area ([Figure 5(c)](#fig5){ref-type="fig"}). These results show that cortical visual areas exhibiting differences in callosal connectivity at adulthood were spatially correlated with regions exhibiting altered cortical FA at P31. In agreement with these results in ferrets, a preliminary comparison performed at P6 between normal and P0-enucleated rats revealed that anisotropy within deep layers of primary visual cortex is increased in the enucleated rats compared with normal animals \[[@B100]\]. These results provide further evidence that binocular enucleation perturbs the normal development of visual cortex, and supports the notion that DTI is capable of detecting changes in connectivity associated with binocular enucleation at early stages of brain development. It is important to note that, in addition to the abnormalities induced on callosal connections, enucleation at P7 in the ferret likely affects several other visual connection systems, including thalamocortical and ipsilateral, intrahemispheric corticocortical projections \[[@B101]--[@B105]\]. It is therefore possible that the effect on FA within cerebral cortical gray matter observed over much of visual cortex of BEP7 ferrets reflects the effect of enucleation on multiple pathways that either terminate or originate in visual cortex.

In order to directly examine the cellular-level determinants of the differences between control and BEP7 animals observed by DTI, a procedure was developed to quantitatively characterize orientation distributions of neuronal processes in Golgi-stained cerebral cortical tissue ([Figure 6](#fig6){ref-type="fig"}) \[[@B99]\]. For sets of visual and non-visual cortical locations, Golgi-stained neurons were compared between control and BEP7 animals. Figures [6(a)](#fig6){ref-type="fig"} and [6(b)](#fig6){ref-type="fig"} show that, in the P31 cortex, radially-oriented apical dendrites appear as dominant structures. To quantify the distributions of Golgi-stained processes in BEP7 and control animals, the images were skeletonized, and the resulting stained segments were approximated as lines (red overlays, Figures [6(a)](#fig6){ref-type="fig"} and [6(b)](#fig6){ref-type="fig"} \[[@B99]\]). [Figure 6(c)](#fig6){ref-type="fig"} shows that the distribution of line segment polar angles for the BEP7 animal is narrower than it is for the control Golgi field. When fitted to a Von Mises distribution, it was found that the BEP7 field is characterized by a higher concentration parameter, *κ* = 2.08, than for the control field, in which *κ* = 1.41. [Figure 6(e)](#fig6){ref-type="fig"} shows 7 such comparisons between BEP7 and control cerebral cortices, at locations indicated in [Figure 6(d)](#fig6){ref-type="fig"}. In visual areas, the concentration parameters were higher for BEP7 than control ferrets, consistent with a more uniform distribution of apical dendrites for BEP7 ferrets compared to controls, whereas such differences were not observed in non-visual areas. These data suggest that the more coherent orientation of apical dendrites observed in BEP7 ferrets accounts, at least in part, for increases in cortical FA measured in visual cortex of these animals.

11. Comparison with Other Studies and Future Directions for the Use of Diffusion Tensor Imaging to Characterize Cerebral Cortical Neuropil Differentiation {#sec11}
==========================================================================================================================================================

One question that arises is whether abnormal development of cellular elements not detectable by Golgi staining, such as radial glial cells, underlies the cortical FA differences measured in enucleated animals. For example, one study presenting both DTI and immunohistochemical data on cerebral cortical microarchitecture in the neonatal rat brain \[[@B78]\] concluded that FA perturbations associated with hypoxic ischemic injury were related to the quantity of neuronal and glial fibers oriented approximately parallel to apical dendrites. In normal ferrets, radial glial cells differentiate into astrocytes by P21 \[[@B106]\], suggesting that they do not contribute significantly to cortical FA at the age this analysis was performed (P31). Moreover, the possibility that enucleation somehow delays differentiation of radial glia is unlikely because studies in other species have shown that enucleation does not affect the timing of other developmental milestones, such as the formation of topographically organized corticocortical projections \[[@B9], [@B41]\]. Lastly, the findings reported in the ferret are consistent with a study in the rat \[[@B97]\], which showed that bilateral enucleation increased the length of axon branches and arbors without changing the number of branches, as well as a study in the rat showing that visual deprivation alters dendritic bundle architecture in rat visual cortex \[[@B107]\], and a study in the mouse showing a reduction in the number of spines on apical dendrites of pyramids in bilaterally enucleated animals \[[@B95]\]. Together, these results suggest that DTI is capable of detecting abnormalities induced by bilateral enucleation on the differentiation of axonal and dendritic arbors in visual cortex.

Several recent studies have described approaches for quantitatively comparing light microscopy-based measurements of axon and/or dendrite fiber orientations to DTI results. Overall, the strategy commonly used by these studies is similar to ours \[[@B99]\], namely, diffusion MRI measurements are performed on aldehyde-fixed post mortem tissue, the tissue is subsequently sectioned and stained, and an image analysis procedure is applied to determine the statistical distribution of fiber orientations within a specified region of interest. Leergaard et al. \[[@B108]\] and Choe et al. \[[@B109]\] have conducted analyses in which diffusion MRI data from white matter were compared to 2D fiber orientation distributions measured from myelin-stained tissue. These two studies differed in their analysis of microscopy data. While Leergaard and co-workers manually traced fibers, Choe et al. performed an automated Fourier analysis to generate fiber orientation distributions. Finally, Budde and co-workers \[[@B110]\] used Fourier analyses of images of cerebral cortical tissue following various neuronal and glial staining procedures to reveal a role of gliosis in cortical FA changes in adult cerebral cortex following traumatic brain injury. To address limitations of 2D analysis, we have recently extended the analysis of Golgi-stained tissue in the developing ferret cerebral cortex to 3D by performing confocal microscopy of reflected light \[[@B111]\]. This recent work will likely facilitate future improvements in the precision with which water diffusion MRI measurements of brain cellular morphology can be validated.

The study by Bock et al. \[[@B99]\] provides evidence that neonatal bilateral enucleation induces alterations of neuronal processes that can be detected by DTI at early stages of development, but some issues remain to be addressed in future studies. First, the developmental trajectory of the difference between normal and bilaterally enucleated ferrets must be measured by examining brains at postnatal ages other than P31 in order to identify the developmental stage in which DTI is most sensitive for detecting abnormal morphological development of cerebral cortical neurons. Second, while the study of Bock et al. \[[@B99]\] shows that DTI has sufficient sensitivity to detect enucleation-induced changes in neuronal morphology using postmortem tissue, it is possible that sensitivity differs when the procedure is performed in live animals. Postmortem DTI studies are instrumental in studies that validate DTI data with subsequent histological analyses, but future experiments involving DTI measurements in live ferrets and incorporating rapid image acquisition techniques such as echoplanar imaging will be needed to explore the possibility of extending these finding to living tissue in detail.

12. Conclusion {#sec12}
==============

In conclusion, studies in rodents and ferret indicate that normal development of interhemispheric and intrahemispheric corticocortical connections requires retinal input during brief critical periods at early stages of pathway formation. Moreover, these critical periods correlate with similar stages of brain development in these animals, suggesting that the eyes guide the development of corticocortical connections through common mechanisms across species. Based on the observation that the relationship between the timing of the critical period and the DTI-characterized developmental trajectory is strikingly similar in rodents and ferrets, we explored the possibility of using cortical DTI trajectories for predicting the critical period in species, such as humans, in which this period likely occurs prenatally. If accurate, our estimate of the critical period in humans will be useful for differentiating between visual deficiencies secondary to early prenatal damage of the visual pathway from those due to pathologies of postnatal onset. Finally, the MRI findings reviewed above indicate that the effect of neonatal enucleation on the development of callosal and other neuronal systems in the ferret provide an ideal experimental model for investigating the sensitivity of DTI for detecting abnormalities in neuronal architecture. Specifically, the model described is amenable for systematically investigating how patterns of water diffusion anisotropy within the cerebral cortex change during early stages of development. Such studies will be useful for understanding the morphological factors underlying the DTI findings in human studies of developmental disorders of the CNS. By avoiding potential confounds related to *in utero* manipulations or preterm birth, the use of newborn ferrets will greatly facilitate DTI analysis of changes in diffusion anisotropy at stages of brain development that in primate species occur before birth. The studies reviewed here thus provide a strategy for using DTI to identify abnormalities early in brain development, thereby enabling therapeutic intervention before significant reduction of brain plasticity occurs.
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![Effect of binocular or monocular enucleation at birth on the pattern of rat visual callosal connections. Callosal patterns in the right hemisphere were revealed following multiple intracortical injections of HRP into the left hemisphere. Images were taken from tangential sections cut through supragranular layers of the flattened cerebral cortex. Dark areas show the distribution of labeled callosal cells and axon terminations. Segmented lines indicate the border of area 17 determined from adjacent sections stained to reveal myeloarchitectonic patterns. Lateral is right, posterior is down. (A) Callosal pattern in normally reared adult rats. Callosal cells and terminations form homogeneously labeled bands at the 17/18a border and at the lateral border of area 18a, and several narrow bands of callosal connections bridge the width of area 18a at several rostrocaudal levels. (B) Binocular enucleation increases the relative width of the callosal band at the 17/18a border and causes the appearance of discrete regions of reduced labeling within the 17/18a callosal band (white arrows) and several densely labeled tongue-like regions that extend medially from this band well into area 17 (black arrow). (C) In rats monocularly enucleated at birth, the most prominent anomaly develops in the hemisphere ipsilateral to the remaining eye, where an anomalous, dense band of callosal connections runs rostrocaudally through the center of area 17 (arrow). Periodic fluctuations in the density of labeling along the length of this extra band give it a beaded appearance. SmI = Somatosensory cortex. Scale bars = 1.0 mm. Adapted from Olavarria et al. \[[@B9]\].](NP2012-250196.001){#fig1}

![Comparing the arrangements of gyri, sulci, and visual areas in the unfolded and flattened cortex of ferrets and cats. Posterior is left, dorsal is up. (a) Intact right hemisphere of ferret brain showing the location of gyri, sulci and various cortical areas. Dashed lines indicate cuts made to separate the posterior block that was unfolded and flattened. (b) Diagram showing an unfolded and flattened ferret cortex. Curved arrows indicate further cuts made to fully flatten the cortex. Dashed lines indicate fundi of sulci, gray areas indicate the surface of gyri, large dotted line indicates the outline of V1, and lines made of small dots indicate the borders of other visual areas. These landmarks and lines are useful for correlating features of the callosal pattern to the patterns of gyri, sulci, and visual areas (see Figures [3(a)](#fig3){ref-type="fig"}, [3(b)](#fig3){ref-type="fig"}, and [3(c)](#fig3){ref-type="fig"}). A: auditory cortex; as: ansate sulcus; ls: lateral sulcus; PPc: posterior parietal caudal; PPr: posterior parietal rostral; pss: pseudosylvian sulcus; S: somatosensory cortex; spl: splenial sulcus; sss: suprasylvian sulcus; SSY: suprasylvian visual area. (c) Schematic diagram of intact right hemisphere of cat brain showing location of various visual areas. Dashed line indicates lateral border of area 17. (d) Diagram showing an unfolded and flattened cat cortex. Curved arrows indicate cuts made to fully flatten the cortex. Dark and light areas correspond to gyri and sulci, respectively. Fine dashed lines indicate the lateral borders of areas 17 and 18. The heavy dashed line indicates the approximate location of several visual areas, including areas 18, 19, 20, 21, and suprasylvian areas. These lines are also useful for relating features of the callosal patterns to visual areas (see Figures [3(d)](#fig3){ref-type="fig"}, [3(e)](#fig3){ref-type="fig"}, and [3(f)](#fig3){ref-type="fig"}). Unfolding and flattening the cortex of ferrets and cats were performed as described previously \[[@B112]\]. A: auditory cortex; S: somatosensory cortex; spl: splenial; lat: lateral; cru: cruciate; ssyl: suprasylvian. Scale bars = 1.0 cm. Adapted from Bock et al. \[[@B26]\]; Olavarria and Van Sluyters \[[@B19]\].](NP2012-250196.002){#fig2}

![Effects of enucleation on the visual callosal patterns in ferrets and cats. Callosal patterns were revealed on the right hemisphere following multiple intracortical injections of HRP into the left hemisphere. Callosal patterns were reconstructed from several tangential sections cut through the unfolded and flattened cortex (see [Figure 2](#fig2){ref-type="fig"}). Posterior is left, dorsal is up. (a, b, c) Visual callosal pattern in normal (a), bilaterally enucleated at postnatal day 7 (BEP7) (b), and bilaterally enucleated at postnatal day 20 (BEP20) (c) ferrets. Dark areas correspond to callosal cell bodies and axonal terminations labeled with HRP reaction product. Dashed lines indicate fundi of sulci. Black stars on the lateral gyrus in (a) and (c) indicate acallosal regions common to all control and BEP20 ferrets. Asterisks on the suprasylvian gyrus indicate acallosal regions common to all control, BEP7, and BEP20 ferrets; black arrows indicate string of callosal patches located in area 18 in control (a) and BEP20 (c) ferrets. Black X\'s within white circles in (a, b, c) indicate regions of artifactual labeling. (d, e, f) Visual callosal patterns in normal (d), bilaterally enucleated at birth (BEP0) (e), and monocularly enucleated at birth (MEP0) (f) cats. Black regions indicate areas in which the density of labeled cells was highest while dark and light stippling represent areas of decreasing density. Dots represent single labeled cells. The fine dashed line indicates the approximate location of the lateral border of area 18. The lateral border of area 17 (represented by a fine dashed line in [Figure 2(d)](#fig2){ref-type="fig"}) is not explicitly marked in (d), (e), and (f) because it approximately runs along the middle of the 17/18 callosal band (the continuous band of callosal connections separating areas 17 and 18). The heavy dashed line corresponds to the outline of visual areas in [Figure 2(d)](#fig2){ref-type="fig"}. Black stars on the lateral sulcus in (d), (e), and (f) indicate acallosal regions observed in areas 18 and 19 in all control and enucleated cats, and the asterisks on the suprasylvian gyrus indicate acallosal regions common to all control and enucleated cats. Scale bars = 1.0 cm. Adapted from Bock et al. \[[@B26]\]; Olavarria and Van Sluyters \[[@B19]\].](NP2012-250196.003){#fig3}

![Water diffusion anisotropy (FA) within the developing cerebral cortex versus postconceptional age. The upper trace is a plot of the dependence of cerebral cortical FA on age, as given by ([1](#EEq1){ref-type="disp-formula"}) (see text). Below, abscissas for the plot are given in terms of postconceptional ages in days, using *t* ~init~ and *τ* values obtained by analyzing rat data reported by Huang et al. \[[@B77]\], ferret data from Kroenke et al. \[[@B74]\], and human data from McKinstry et al. \[[@B69]\], following procedures described in \[[@B76]\] (see text for details). The dark gray shaded area represents the lower and upper age bounds of the critical period for callosal connectivity using data available for the rat \[[@B5], [@B9]\] (the rat critical period, P4--P6, corresponds to 25.5--27.5 days post conception). The light gray shaded area represents the ages explored in the ferret \[[@B26]\] (P7 and P20, which correspond to 48 and 61 days post conception, resp.). The duration in days of gestation up to birth (P0) is indicated for each species (arrows). Gray lines indicate time range corresponding to the critical period in rats (P4--P6), which predicts critical periods for ferret (P15--P19; PC56--PC60) and human (PC201--PC217) according to the cortical FA trajectory. Blue bars indicate time ranges translated from the rat critical period (P4--P6) to ferret (P11--15.5; PC52--PC56.5) and human (PC138--PC150), according to the Translating Time model developed by Finlay, and coworkers \[[@B28]--[@B87]\].](NP2012-250196.004){#fig4}

![Visual cortical FA is increased in BEP7 ferrets, relative to controls, at P31. (a) Cortical FA is projected onto lateral cortical surface models for one control and one BEP7 ferret, according to the red/yellow color scale (posterior is left, dorsal is up). The BEP7 surface exhibits greater FA (brighter yellow) than the control in visual areas (encircled by black dots) at P31, while no differences in FA are apparent in a control, nonvisual area located more rostrally (encircled by blue-green dots). Blue dots indicate the approximate location of the horizontal meridian representation. Red dots indicate crowns of gyri. (b, c) Histograms represent data from either two BEP7 or two control ferrets. Comparison of these histograms illustrates that differences in cortical FA are observed in visual areas (b), but not in the nonvisual control area (c). Adapted from Bock et al. \[[@B99]\].](NP2012-250196.005){#fig5}

![Increased cerebral cortical diffusion anisotropy in the developing visual cortex accompanies reduction in the neuronal process orientation distribution width. (a, b) Golgi-stained visual cortex tissue visualized at 10x magnification from a P31 control (a) and BEP7 (b) ferret. Line segments (red) representing neuronal processes throughout a region of the cerebral cortex (corresponding to location 3 in (d)) are overlaid on (a), and on an image obtained from the same region of a BEP7 visual cortex at P31 in (b). The polar angle for each line segment was determined, and in (c), histograms representing the distribution of polar angles are shown for the control (black data points) and BEP7 (red data points) Golgi fields. (c) Solid lines represent the results of approximating the data points as a Von Mises distribution. The distribution observed for the BEP7 field is narrower, and hence characterized by a larger concentration parameter *κ*, than for the control. (d) Location of 5 other regions analyzed in control and BEP7 ferrets. Filled circles indicate fields obtained from coronal sections, and open circles from axial sections. Filled and open orange circles indicate the locations of nonvisual areas (n.v.). (e) Concentration parameters for the 5 other region of the visual cortex, obtained from pairs of coronal sections (solid bars in (e)) and axial sections (open bars in (e)). For all 5 visual regions, *κ* is larger for BEP7 animals (red solid and open bars) than for controls (black solid and open bars). For visual locations indicated with asterisks, 95% confidence intervals for BEP7 and control regions do not overlap \[[@B99]\]. Filled and open orange bars in (e) represent data analyzed for nonvisual regions of BEP7 cortices, while filled and open gray bars in e represent regions of nonvisual cortex in control cortices. Significant differences for nonvisual areas are not observed. Adapted from Bock et al. \[[@B99]\].](NP2012-250196.006){#fig6}
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